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Abstract 

We study the solution to the Polonyi problem where the Polonyi field weighs as 
O(lOTeV) and decays just before the primordial nucleosynthesis. It is shown that 
in spite of a large entropy production by the Polonyi field decay, one can naturally 
explain the present value of the baryon-to-entropy ratio, ns/s ~ (10~ 10 — 10~ n ) 
if the Affleck-Dine mechanism for baryogenesis works. It is pointed out, however, 
that there is another cosmological problem related to the abundance of the lightest 
superparticles produced by the Polonyi decay. 
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N = 1 supergravity |T| is not only regarded as an effective field theory of superstring 
below the Planck scale, but also provides a natural framework for soft supersymmetry 
(SUSY)-breaking terms at the electro-weak energy scale. Most of the supergravity models, 
however, contain a light massive boson <fi (Polonyi field) with the mass of order the 
gravitino mass m 3 / 2 0, |3|, |J, which is responsible for the spontaneous SUSY breaking. The 
Polonyi field <fi couples only gravitationally to the light particles and hence the lifetime of 
<p is very large as ~ Mp/m^ (with Mp being the Planck mass, Mp = \^8ttM ~ 
1.2 x 10 19 GeV). 

This fact leads to a serious cosmological difficulty (so-called Polonyi problem) [0, [3|, f|] . 
Under quite general assumptions, the Polonyi field <ft takes an amplitude of order Mp at the 
end of inflation, and subsequently it starts oscillation and dominates the energy density 
of the universe until it decays. If the decay of occurs after or during the primordial 
nucleosynthesis, it most likely destroys one of the successful scenarios in the big-bang 
cosmology, that is the nucleosynthesis. Furthermore, the decay releases a tremendous 
amount of entropy and dilutes primordial baryon asymmetry much below what is observed 
today. 

It has been pointed out [Q that the first problem can be solved by raising the Polonyi 
mass (or equivalently the gravitino mass m 3 / 2 ) up to O(lOTeV) so that the reheating 
temperature Tr(0) by the decay is larger than O(lMeV). Then, the nucleosynthesis may 
re-start after the decay. This solution favors strongly "no-scale type" supergravity 
since the gravitino mass can be taken O(lOTeV) without diminishing the original motiva- 
tion as a solution to the hierarchy problem. Namely, we can raise the gravitino mass while 
keeping all masses of SUSY particles in observed sector to be O(10 2 GeV). 

In this letter, we stress that the second problem can be also solved if the Affleck- 
Dine mechanism [I0| for baryogenesis works in the early universe. However, we point out 
another cosmological problem that the lightest superparticles (LSPs) produced via the 
Polonyi decay are so abundant that their energy density, if stable, overdoses the universe. 

The Affleck-Dine mechanism [|10j for baryogenesis is based on the fact that there are 

some combinations of squark q and slepton I fields for which the scalar potential vanishes 

identically when SUSY is unbroken. After SUSY breaking these flat-direction fields acquire 

1 In the original no-scale supergravity model Polonyi field acquires a mass of the order of 

m^ 2 /M H which is much smaller than the gravitino mass m 3 / 2 - However, in the "no-scale type" su- 
pergravity model studied in Ref. M, the mass of the Polonyi field is at the order of the gravitino mass. 
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masses m of order 10 2 GeV. One of these flat directions x is assumed to have a large initial 
value xo ~ Mqut, where Mqut ~2x 10 16 GeV is the GUT scale. It has been shown [|Kj 
that the decay of the coherent oscillation mode of such a field \ can generate a large baryon- 
to-entropy ratio ~ 0(1) under the presence of tiny baryon-number violating operators such 
as {m/M GUT )qqql. 

We now compute the dilution factor due to the Polonyi field decay. We assume, in 
the present analysis, that the energy density of the universe is dominated by the coherent 
oscillation of after the Hubble expansion rate H becomes smaller than m^. This assump- 
tion may be justified if the initial amplitude of is of the order of the Planck scale.0 The 
Affleck-Dine field x starts its oscillation when H decreases to its mass m x ~ O(10 2 GeV). 
The energy density p is given by 



P-™J0I + m x \x\ =«m x |x|, (1) 

where 

= ^ + (2) 
m x \X\ 

Notice that k remains constant as far as both x and obey coherent oscillation. Then H 
is given by 

H = Km x \ X \ (3) 

When the x starts its oscillation, the Hubble expansion rate is about m x , H ~ m x , and 
hence 

k ~ — : — — ~ — — — . (4) 

Ixl IXol 

Here, we have used the approximation that the amplitude of the Affleck-Dine field x is equal 
to the initial value xo ; since the x remains almost constant until the coherent oscillation 
of x starts. 

One may expect that the decay of the field x finishes when the decay rate T x becomes 

2 If the initial amplitude of the Affleck-Dine field \ is a l so O(Mp), the energy density of \ is comparable 
to that of the Polonyi field after the coherent oscillation of \ starts. Even in this case, the following 
arguments are still valid. 
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comparable with the universe's expansion rate H. The decay rate T x is estimated as [10 



and hence the equation r x ~ H gives 

, 2 /3 1/9 /M\ l/3 



A 



7r / y m x 



where Xr> represents the amplitude of the Affleck-Dine field at its decay time. The reheating 
temperature Tr(x) by the x decay would be given by 



Tr(x) ~ ( m x lxr>l 



1/4 



~ m x 



ay/- xo 



For xo ~ Mqut this yields Tr(x) ~ 100m x . 

However, as pointed out by Linde [0, the \ decay can not reheat the universe up to 



the temperature T^m x , since the effective masses of quarks and leptons in the thermal 
bath exceed m x at the temperature larger than m x . Namely, the decay process of x is 
blocked until the amplitude of x becomes 0{m x ). The energy density of x & t its decay 
time is given by 

Px(T R (x)) = ^9*(T r (x))Tr(x) 4 - (8) 

Here, g*(T) is the degree of freedom of the relativistic particles at the temperature T, and 
we have used the energy conservation. At this time, the energy density of is given by 

P*(T R (x)) = Px(^W)- * * 2 Px(Tr(x)). (9) 

Px 

Here we have used k ^> 1. Furthermore, the baryon-to-entropy ratio by the x decay is 
given by 

n B n x 3T R (x) , . 

— = Vbo— = t Vbo- 10 

s s 4 m x 
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where r] B0 = n B /n x , s is the entropy density of the thermal bath 

2tt 2 



s(T) = ^9*(T)T 3 , (11) 



~ m 



and n x is the number density of x which is given by n x = p x /m x . With T R (x) 
ub/s ~ jT/bo, which is expected to be of order unity provided t]bo ~ 0(1). 

The dilution factor D due to the Polonyi field decay can be easily calculated. From 
the energy conservation, the reheating temperature T R (<j)) by the <fi decay is given by 

T R (<f>) 4 = 2 fru^ l^ (12) 

where ~ Nm^/Mp is the decay width of the Polonyi field with N ~ 100 being the 
number of the decay channel. Here we have used a naive approximation that the Polonyi 
field 4> decays instantaneously at H = T^-Q Then the reheating temperature T R ((f>) is 
estimated to be O(lMeV) for = O(lOTeV). The temperature of the thermal bath Tf 
before the (f) decay is given by 



9*(Tf) ( T f V = ( R(T R (x)) Y = ( P,(T f ) 
g.{T R (x)) \Tr(x)J \R(T R m) \p^T R ( X )) 



i /i iii) \ 

(13) 



where R is the scale factor of the universe, and p${Tf) = 3r^M 2 . Then we obtain the 
dilution factor D 



D 



9*( T f) ( T j 



f 



9*( t r{4>)) \Tr{<P)) 

g.(T f ) P4 ,{T f ) ( T R (xY 
g.(T R (<!>)) P<P (T R ( X )) [TrW, 
Tr(<P) xl 
T R (x) 3M2 
'Xo 
M 

for T R (<p) ~ O(lMeV). We finally obtain a net baryon asymmetry in the present universe 

=2 = \ nm D ~ 10-,„^, (15) 



10-5 It?") 2 . ( 14 ) 



3 In fact, the decay of the Polonyi field does not occur instantaneously. However as pointed out in 
Ref. ]l2fl, results of our naive approximation are not so different from the exact ones. 
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with which one may explain the observed value %/s ~ (10~ 10 — 10~ n ) taking xo ~ Mqut, 
Tr(4>) ~ lMeV, and r] B0 ~ 1- 

We should comment that the final result (|T5|) can be more easily derived if one notices 
that tib/ Prf> is independent of time since the baryon number is approximately conserved in 
the regime we consider. Then, 



m x n B 



const. (16) 



Ps 

We evaluate this when the Affleck-Dine field x starts its oscillation. At this time, 

m x n B m x n B p x p x ( Xo Y n ^ 

— — = — = Vbo— = Vbo -7=— • 17 

Here we have used H ~ ^/p^/y/SM, and p x = rn^xl- On the other hand, we evaluate the 
same quantity given in Eq. ([UJ) at the decay time of the Polonyi field <fi 

m x n B _ 4 m x n B {T R {4>)) 



Plt> 3s(T fi (0))T R (0)' 



Equating Eq. QT7D and Eq. (0), we get Eq. QTJ). 

The dilution factor D we have obtained is much larger than that derived in the previous 
work ||. For example, the dilution factor given in Ref. || is ~ 10~ 14 for the case Tr(<P) ~ 
lMeV, which is about 10~ 9 times smaller than our result with T B (x) ~ m x ~ lOOGeV 
and xo ~ M. This discrepancy originates to the fact that the amplitude of the Polonyi 
field has already decreased by a large amount at the decay time of the Affleck-Dine field. 
In fact, we find that when the Affleck-Dine baryogenesis occurs (i.e. T = T B (x) — rn x ), 
the amplitude of the Polonyi field is 0(Tr(x)) ~ (m^M/m^xo) M, which gives 
P4>(Tr{x)) ~ (m^M/xo) 2 . One can reconstruct the final form of Eq. fli"4]) by using this 
effective initial amplitude 0(Tr(%)). In Ref. 0, this effect is not taken into account, and 
hence the dilution factor given in Ref. || is underestimated. 

Let us now turn to discuss a new cosmological difficulty in the present solution to the 
Polonyi problem. Through the decay of the Polonyi field, an amount of superparticles are 
produced, which promptly decay to the lightest superparticle (LSP). The number density 
of the LSPs, tilsp, produced by these processes is roughly the same as that of the Polonyi 
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fields. The ratio of n LSP to the entropy density is thus found to be 



n L sp 



_ n 4> _ P4> „ T R^ 

T=T R (<f>) s m^s m<f, 



(19) 



Under the assumption of .R-parity conservation, only pair annihilation processes can change 
the number of the LSPs in the comoving volume. If it does not take place, the ratio (|19|) 
remains constant, and so does the ratio of their energy density to the entropy density. 
From this it follows that 



Plsp 



where misp is the mass of the LSP. This value should be compared with the ratio of the 
critical density, p cr ., to the entropy density, s , in the present universe 

P — = 3.6h 2 x l(T 9 GeV, (21) 
so 

with h (0.5 < h < 1) being the Hubble constant in units of 100 km/sec/Mpc. We can see 
that the relic abundance of the LSPs is several orders of magnitude larger than the critical 
density, unless the mass of the LSP is not very light niLSP^Z 10 MeV. In the minimal 
supersymmetric standard model (MSSM), the LSP is most likely in the neutralino sector 
which consists of a bino, a neutral wino and two neutral higgsinos. The negative searches 
for the neutralinos at LEP give constraints on the neutralino sector. Assuming the GUT 
relation of the gaugino masses, we obtain the lower limit of the neutralino mass of about 
18 GeV |13j. Thus, we need to discuss whether annihilation processes can reduce their 
relic density not to exceed the closure limit ([21]) . 

When the annihilation of the LSPs occurs, its number density can be reduced to 



H 

nLSP - 



(22) 

T=T R (<f>) 



where (<J ann v re i) is the thermal average of the annihilation cross section a ann times the 
relative velocity v re i. In this case, the relic abundance of the LSPs at the present day is 
calculated to be 

g; ll2 (T R m Z L z ! (23) 



s 



Today 



Tr{4>) (a ann v rel )M' 



Comparing this equation with Eq. (|21|), we find that the annihilation cross section must 



satisfy 



W >»-xr^(^)g), (24) 



in order that the energy density of the LSPs should not overdose the Universe. 



We now examine if the cosmological constraint (24) is satisfied in the MSSM. When 



the LSP is bino- dominant, it annihilates to a lepton pair via the exchange of right-handed 



sleptons. The cross section is p-w&ve dominant, giving [EH 



(a ann v rel ) = 2 W 2 2 Am l SP 2 , 2 - , 2 8m i 5P M3 + ? ^l 3 ^^ U 2 ) • (25) 

{ (™!sP + m l R Y ( m LSP + m l R f ( m LSP + m l R Y J 

Here a' = g' 2 /^ — 0.01 is the fine structure constant for the U(l)y gauge interaction, 
mj R the mass of the right-handed slepton and (v 2 ) represents the average of the squared 
velocity of the LSP, which could be determined by a close inspection of the scattering of 
the LSP off the thermal radiations. For the case of E ^> rriLSP, we estimate the elastic 
scattering cross section off an electron in the thermal bath to be of the order of 

(av rel ) ~ a' 2 ^4^, (26) 

where E is the energy of the LSP, yielding the interaction rate T versus the expansion rate 
H 

T l2 ET R {4>fM 4 / E \ 

H~ a mi R ~ 10 {WGev)- (27) 
This implies that by a series of scattering, the LSPs, which were energetic when produced, 
lose their momenta substantially and they will go to the non-relativistic energy region. 
Once entering in the non-relativistic region, however, their momentum loss is at most 
about the background temperature at one collision and they do not likely reach their 
kinetic equilibrium. Therefore we expectQ 

^ « (v 2 ) « 1. (28) 
m LS p 

Even with our ignorance of the precise value of (v 2 ), we can see that the annihilation cross 



'if the LSP is in kinetic equilibrium, the average (v 2 ) is of order Tnlfy/mLSP ~ 10 
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section is not large enough. Indeed, taking m~ lR = m LS p ~ 10 2 GeV, Eq. ( p5|) leads 

(vannVrei) = na' 2 ^—(v 2 ) ~ 3(v 2 ) x lO^GeY" 2 , (29) 



which is smaller than the requisite annihilation cross section ( Pip even for (v 2 ) ~ 1.Q Notice 
that if the LSP can annihilate into a top-quark pair in the s-wave, the cross section becomes 

where m t and are the masses of top-quark and right-handed stop, respectively. This 
cross section takes its maximum about 3 x 10~ 9 GeV -2 , which is again not large enough 
to reduce the number density of the LSPs sufficiently 

Next consider the case where the LSP is higgsino-like. Since the interaction of the 
(neutral) higgsino with particles in the thermal bath, i. e. a photon and an election, is very 
weak, the energy loss of the higgsino is not effective and it will remain in the relativistic 
region. This higgsino dominantly annihilate into a IV-boson pair whose cross section 
depends on the energy in the center of mass frame y/s. Though we do not know the precise 
value of y/s, the upperbound on the cross section is given by taking y/s = 2m x [|14]], that 
is 

(a ann v rel ) < ^t - 2 m * fl - 2 , (31) 

~ 2 (2m£ — ?7%) \ m x ) 

where ai is the fine structure constant for the SU(2)l gauge interaction. This takes the 

maximum ~ 2 x 10~ 8 GeV -2 and again it does not satisfy the requirement (|24]). Similar 

arguments apply to the case where the LSP is an admixture of the gaugino and the higgsino. 

Recall that the annihilation cross section in the mixed region is generically smaller than 

that in the higgsino case ( |3TD [ |H| . One may think that the annihilation via the Higgs 



exchange [IE] can enhance its cross section if s hits the s-channel pole. However, since the 
LSPs are not in the kinetic equilibrium, their momentum distribution is rather wide and 
hence the annihilation through this s-channel pole will not be effective enough to reduce 
the relic density. Summarizing these arguments, we conclude that, in the MSSM with 
the i?-parity conservation, the relic abundance of the LSPs will always be too large to 
be cosmologically viable. The relic density can be reduced to a cosmologically acceptable 



5 We can apply a similar argument to a photino-like LSP. 
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level, if one raises the reheating temperature Tr(0) to O(10 GeV).[] However, it means that 
the gravitino is heavier than O(10 6 GeV). Such a large gravitino mass will be, perhaps, 
disfavored from the naturalness point of view. 

To cure this conflict in the case of Tr(</>) ^ 10 MeV, let us consider modifications of 
the MSSM. One way is to extend the particle contents and provide a new, very light LSP. 
If the LSP is lighter than O(10 MeV), we can see from Eq. (|20"D that the relic abundance 
does not exceed the critical density without invoking the annihilation. This is most easily 
realized in the minimal extension of the MSSM, where the superpartner of a singlet Higgs 
is contained in the neutralino sector. A recent analysis shows that even a massless LSP 



is still an allowed possibility in this model [17]. Another extension which has a light LSP 
is to incorporate the Peccei-Quinn symmetry. Then the superpartner of the axion, the 
axino, can be the LSP [ IEfl . Indeed, it was shown in Ref. jT9 that the axino becomes 
massless at the tree-level in the no-scale supergravity. Radiative corrections may give a 
small, model-dependent axino mass.[] In the case of the axino mass ~ 10 MeV, the axino 
becomes a cold dark matter of the universe. 

i?-parity breaking is the other possibility to make our scenario cosmologically viable. 
In this case, the LSP is no longer stable, but decays to ordinary particles. If the lifetime 
t~lsp of the LSP is shorter than 1 sec,f\ its decay does not upset the standard big-bang 
nucleosynthesis. 



6 For the case lOMeV^S Tr(</>) ^ lOGeV, the constraint (24) becomes weaker. In this case one needs to 
know (v 2 ) precisely in order to know the relic density of the LSP. This requires a detailed analysis on the 
time evolution of the distribution function of the LSP. This is beyond the scope of this letter, and will be 
given elsewhere. 

7 A light axino can also be realized if one chooses a special form of superpotential |2(J. 
8 Such a small i?-parity violation (t^sp ~ lsec) is consistent with other phenomenological con- 
straints lElfl. 
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